Many studies have successfully applied near infrared (NIR) spectroscopy to estimate important wood traits. Some of them have reported the effects of wood surfaces on NIR spectra information and their influence on the performance of the predictive model. However, limited information is available concerning the effect of sample preparation on the model performance to estimate chemical properties in Eucalyptus wood. Hence, the aim of this study was to investigate the influence of the milling procedure, particle size, and quality of the solid wood surface on the performance of the partial least squares regression to predict chemical properties of Eucalyptus urophylla wood by NIR spectroscopy. Adequate models were built to predict klason lignin content, acid-soluble lignin content, and syringyl-to-guaiacyl ratio in Eucalyptus urophylla wood. Sample preparation strongly influences the ratio of performance to deviation (RPD) of these predictive models. The effect of the sample presentation (solid or milled wood) was stronger than the effect of the particle size difference between thin and thick powder. The best calibrations were developed using NIR spectra measured on wood powder (RDP values from 1.99 to 2.97), but satisfactory calibrations were developed from NIR spectra measured on solid samples (RPD values from 1.68 to 2.16).
Introduction
Near infrared (NIR) spectroscopy is a frequent method of choice for the nondestructive analysis of agricultural products or foods (Hart et al. 1962; Ben-Gera and Norris 1968) . This method can also be applied for wood characterization (Tsuchikawa 2007 ). The measurement is fast (1 min or less per sample), requires minimum or no sample preparation and is suitable for online process control. NIR spectroscopy responses to vibrations caused by C-H, NH, S-H, or O-H bonds (Pasquini 2003) . In the case of wood, NIR radiation interacts with C-H, C-O, C-O-H bonds, and CsC bonds, but also with water, which is always present in wood (Lestander et al. 2008) .
NIR spectra mainly consist of overtone and combination bands of the fundamental stretching vibrations shown above and it contains not only chemical but also physical information about a sample -such as density, particle size and particle shape, porosity, etc. (Burns and Ciurczak 2008) . What is time-consuming is the careful collection of NIR spectra of a set of well characterized samples (calibration set), establishing regression equations between known analytical data and NIR spectral characteristics (calibration), and checking the validity of regression equations (validation) for samples, which were not previously in the calibration set (validation set) (Jones et al. 2008) .
The pioneers of NIR spectroscopy of wood are Birkett and Gambino (1988) , Easty et al. (1990) , and Wright et al. (1990) . More recent NIR studies of wood are focusing on mechanical properties (Hoffmeyer and Pedersen 1995; Thumm and Meder 2001; Schimleck et al. 2005; Fujimoto et al. 2008) , anatomical characteristics (Schimleck and Evans 2004; Alves et al. 2007 ), physical (Codgill et al. 2004; Mora et al. 2008; Taylor et al. 2008; Hein et al. 2009 ), and chemical properties (Zahri et al. 2008; Tyson et al. 2009 ). NIR spectroscopy can also be applied to wood based composites (Campos et al. 2009 ).
Several procedures can improve predictive model performance. Spectral pretreatment techniques are useful for reducing effects, such as differences in sample thickness and light scattering in diffuse reflectance spectroscopy (Naes et al. 2002) . In addition, wavelength selection (Ghasemi et al. 2003) and mathematical treatments (Alsberg et al. 1998 ) are known to improve reliability of the model. Furthermore, statistical regression models, such as principal component regression (PCR) and partial least square (PLS) regression, employed to eliminate superfluous (abundant) data and to improve the predictive power of the NIR based analyses (Pasquini 2003) are also very important.
Sample preparation, such as particle size and thickness of the sample (Faix and Böttcher 1992) , can influence NIR data. Bull (1991) and Otsuka (2004) also pointed out that sample size of milled material can have an effect on NIR spectra. This effect can be minimized by working with second derivative spectra (Norris and Williams 1984) . Nevertheless, the mathematical manipulations -derivatization, normalization, and others -cannot substitute reproducible sample preparation and spectral evaluation. For instance, particle size of the milled wood and surface quality of wood are still the most relevant parameters influencing the penetration depth of NIR radiation into the sample and should always be the focus of attention (Zavarin et al. 1990 ).
Numerous studies have reported the effects of varying wood surfaces on NIR spectra (Tsuchikawa et al. 1992; Gierlinger et al. 2004) and their influence on model performance (Thumm and Meder 2001; Schimleck et al. 2003; Jones et al. 2006 ). However, Eucalyptus wood was seldom included in this type of research. The aim of the present investigation was to close this gap. The influence of the milling procedure, particle size, and solid wood surface quality should be investigated in terms of the prediction of chemical properties of Eucalyptus urophylla wood by NIR spectroscopy, whereas the reliable PLS regression approach should be the mathematical model for data reduction and property prediction.
Materials and methods

Sampling and sample preparation
A total of 60 discs in breast height were taken from 14-year-old Eucalyptus urophylla S.T. Blake trees established by progeny testing in the Republic of the Congo in the experimental area of research center UR2PI ''Unité de Recherche sur les plantations Industrielles du Congo'' (048459 S, 128009 E, alt 50 m). The climate is tropical humid with a mean annual temperature of 248C, a mean annual rainfall of 1200 mm, and a dry season from May to October. The progeny trial was composed of 35 full-sib families produced by controlled pollination. These families were from an incomplete factorial mating design (8=8) with E. urophylla (16 genitors originated from two provenances). The families were planted in a randomized design, and density of plantation was 625 trees/ha (4=4 m spacing).
Sample preparations for NIR spectroscopy were as follows: (1) on the solid wood discs, NIR spectra labeled as ''rough'' were taken directly from the transversal surface of the chainsawed and dried (12% equilibrium moisture content, EMC) discs. (2) A clean wedge (knot-free) was cut from each disc and the transverse and radial surfaces were sanded (glass paper grade 0:220 grains cm -2 ). The planed surfaces were submitted to NIR spectroscopy producing the spectra designated as ''surfaced''. (3) Coarse wood powder was produced from wedges which were ground in a Retsh rotating-knife grinder (SM 100). The particle sizes of wood meals obtained were -4.0 mm and were designated ''4.0 mm'' or ''coarse'' for NIRS analysis. (4) Wood powder was re-ground in a Retsh ultra-centrifugal mill (ZM 200) . Particle sizes of wood meals were -0.5 mm and were designated ''0.5 mm'' or ''fine'' for NIRS analysis, too. This wood meal was not sieved before chemical analysis. All samples (rough and surfaced solid samples and the two milled samples) were kept in a conditioned room with 60% relative humidity and temperature of 208C before NIRS analysis. Under these conditions, the EMC was 12%.
Wet-lab chemistry
The chemical analyses were conducted by the UMR Biological Chemistry (INRA-Agro ParisTech). All samples were subjected to an exhaustive extraction in a Soxhlet apparatus with toluene/ethanol (2:1, v/v), ethanol, and then water to eliminate all extractives that could interfere with lignin analyses. The klason lignin (KL) and acid soluble lignin (ASL) were determined from the extractive-free dried material (300 mg of ''fine'' powder, particle size -0.5 mm) according to a standard method (Dence 1992) . The ratio between syringyl (S) and guaiacyl (G) units was performed on the extractivefree dried material by thioacidolysis, using a previously described method (Lapierre et al. 1995) . Chemical analyses were performed in duplicate for the 60 samples.
NIR spectroscopy
A Bruker spectrophotometer (model Vector 22/N, Bruker Optik GmbH, Ettlingen, Germany) was used in the diffuse reflectance mode. This FT spectrometer is designed for reflectance analysis of solids with an integrating sphere which measures the diffuse reflected light on a 150 mm 2 spot. The integrating sphere collects light from all angles; thus, the effects of wood texture and other nonhomogeneities are minimized. From a practical viewpoint, the sphere is ''upward looking'', with a window on the sphere top. A sintered gold standard was used as background. Spectral analysis was performed within the 12 500-3500 cm -1 (800-2850 nm) range at 8 cm -1 resolution (each spectrum consisted of 2335 absorption values).
Rough and surfaced NIR spectra (measured on longitudinal surfaces) were respectively taken in tree radial positions from pith to bark (internal, intermediate, and external). For wood meals (4.0 mm and 0.5 mm), NIR spectra were also collected by means of a 50-mm spinning cup module. Each spectrum was obtained with 64 scans, and means were calculated and compared with the standard to obtain the absorption spectrum of the sample. All NIRS measurements were repeated three times and the triplicate NIR spectra were averaged.
Statistical analysis
Partial least squares (PLS) regression analyses were applied to describe the relationship between the data sets obtained from NIR spectra and wood properties. Unscrambler (CAMO AS, Norway) software, version 9.7, was employed. First derivatives (13-point filter and a second order polynomial) or second derivatives (25-point filter and a third order polynomial) were applied on the NIR spectra data by the Savitzky and Golay (1964) algorithm to enhance the quality of the calibrations. The PLS calibrations were performed in full cross-validation mode with a maximum of 12 latent variables (LVs). The final number of LVs adopted for each model corresponded to the first minimal residual variance, and the outlier samples were indentified from the Student residuals and leverage value plot analyses.
The Martens' uncertainty test (Westad and Martens 2000) was used to select the wavenumbers with significant regression coefficients to develop more robust and reliable PLS models. To compare calibration and validation, the following statistics were (3) standard error of calibration (SEC), (4) standard error of cross-validation (SECV), (5) ratio of performance to deviation (RPD), and (6) the number of LVs. Formulas used to estimate the SEC and SECV are given in the paper by Schimleck et al. (2001) . These data should be as low as possible, whereas the coefficient of determinations should be high. The RPD value is the ratio of the standard deviation (SD) of the reference data to the SECV. This statistic provides a basis for standardizing the SECV (Williams and Sobering 1993) and makes possible a comparison of different calibration parameters, such as spectral information obtained from different wood surfaces.
Results and discussion
Wet-lab chemistry
The contents of KL, ASL, and the syringyl-to-guaiacyl (S/G) ratios are presented in Table 1 . Chemical analyses were performed in duplicate and had good repeatability. The duplicates never showed differences at the 5% significance level. Scattering of these chemical properties was high. This range could be explained by the genetic variability of the genitors which originated from two different provenances, the outcrossing effects, the growth conditions, and the age of trees.
Chemical properties presented in Table 1 are in accordance to properties found by other authors who investigated mature Eucalyptus wood and are higher than those reported for juvenile wood. Table 2 presents results of chemical analysis of Eucalyptus wood reported in other studies. For instance, Gomide et al. (2005) evaluated clones of Eucalyptus grandis and E. urophylla (7-year-old) and found lower KL content, higher ASL content, and higher S/G ratios. Brito and Barrichelo (1977) also studied 7-year-old E. urophylla from Brazilian plantations and reported lower KL content (23.6%). Similarly, Carvalho and Nahuz (2001) studied hybrid of E. grandis and E. urophylla (7-year-old) and reported similar average KL content (22.4%). Higher KL contents were reported by Brito and Barrichelo (1977) when they evaluated E. urophylla from Timor (11-year-old). evaluated 13-year-old E. globulus and reported lower lignin content and higher ASL content. Alencar et al. (2002) found high lignin content (27.4%) in hybrids of 7-year-old E. grandis and E. urophylla. The results reported by these authors are comparable to the results of lignin content found in 14-year-old Eucalyptus presented in Table 1 .
NIR spectra
Averaged raw NIR spectra measured on rough and surface woods and on coarse and fine wood powders are presented in Figure 1a . Fine wood powder (0.5 mm) provides NIR spectra with the lowest absorbance values. Absolute differences among NIR spectra are shown in Figure 1b . Differences were detected among NIR spectra acquired from the four types of sample preparation mainly because averaged NIR spectra measured on solid wood (rough and surfaced) displayed high absorbance values. For this reason, absolute differences between 0.5-rough and 0.5-surface NIR spectra exhibited slightly similar patterns of variation: their absolute differences increased toward the longer wavelength range (2500 nm).
With regard to absolute differences between NIR spectra recorded from 0.5 mm and 4.0 mm particle sizes, their absorbance variation was continuously similar (between -0.04 and -0.06) along the NIR spectral range and no differences in the fine structure of spectra were detected. NIR spectra measured on rough and surfaced wood are influenced by local heterogeneities, whereas milled wood is more homogeneous. Hence, the absolute difference between solid and powder NIR spectra (0.5 mm/rough or 0.5/surfaced) is higher than the difference between the NIR spectra measured on wood powders (0.5-4.0 mm).
PLS-R calibrations
Statistical summaries of the predictive PLS models are presented in Table 3 . PLS-R calibrations for KL content had satisfactory correlations, particularly from the 4.0 mm milled wood, which presented R 2 cv of 0.86 and RPD of 2.85. PLS-R models for solid wood are also lower (R 2 cvs0.76 for rough wood); however, they require more LVs. In general, the RPD values of the PLS-R calibrations of both coarse (RPDs2.85) and fine powders (RPDs2.58) were satisfactory to predict KL content in E. urophylla wood. The standard error of cross-validation of calibrations of coarse powder (SECVs0.48) was lower than that of fine powder (SECVs0.53), indicating that calibration based on 4.0 mm NIR spectra is the best to predict KL content in E. urophylla wood. Figure 2 shows the plots measured KL content versus NIR predicted KL content.
These predictive PLS models for KL content (Table 3 ) were comparable to those published by other groups. For instance, Meder et al. (1999) developed models with R 2 values ranging from 0.57 to 0.84 and prediction error of 4.9% to estimate KL content in Pinus radiata. Baillères et al. (2002) adjusted models to predict KL content in hybrids of E. urophylla=E. grandis and reported a R 2 value of 0.87, SECV of 0.37%, and RPD of 2.3 based on eight LVs of PLS regression. Hodge and Woodbridge (2004) studied the lignin contents in Pinus caribaea, P. oocarpa, and P. tecunumanii from progeny testing in Brazil. These authors calibrated models to estimate the lignin content from milled wood spectra and reported coefficients of determination of validation ranging from 0.77 to 0.91 and SECV from 0.38% to 0.49%. Yeh et al. (2004) evaluated lignin content in Pinus taeda by NIR spectroscopy and found a R 2 value of 0.72 and standard error of prediction of 0.87% when they based data on an external calibration set to validate their predictive models. The calibration statistics associated with models to predict ASL content by PLS regression are promising. NIR spectra of surfaced wood and in coarse powder provide similar calibration statistics (R 2 cs0.83 and RPDs1.99) for ASL content by PLS regression. It is visible that SECV decreases from 0.128% (rough solid wood) to 0.101% (fine wood powder) depending on the sample preparation. According to the RPD values, it is obvious that spectra recorded from surfaced wood and milled wood (4.0 and 0.5 mm) are useful to assess ASL content of 14-year-old E. urophylla. Figure 3 shows the plots measured data versus NIR predicted data for ASL content of the calibrations presented in Table 3 .
PLS regressions to estimate the ratio of S/G units are presented in Figure 4 . PLS-R models developed from wood powder show a good fit (R 2 cvs0.86) and high RPD value ()2.5); however, coarse wood powder has a weaker SECV (0.12%) with the same number of LVs and outliers. The R 2 cv values of wood powder models were better (0.86).
Statistics of the models to estimate S/G ratio are in principal in agreement with those of other studies. For instance, From the results of the present work, it is obvious that the reduction of particle size from coarse to fine wood powder does not improve PLS-R models to assess KL content and S/G ratio in E. urophylla by NIR spectroscopy. For these properties, the difference between NIR spectra taken from solid wood and powdered wood was more important than differences in particle size concerning coarse and fine powder. Figure 5 shows the general plot of weighted PLS regression coefficients to estimate KL content. These regression coefficients between models and absorbances along NIR spectra bands allow comparison of the loadings of the four types of sample preparations. For all PLS-R calibrations to KL content, the higher loadings were obtained in the NIR spectra range from 1638 nm to 2352 nm. The gray parts indicate the bands where regression coefficient is significantly different to zero according to the Martens' uncertainty tests (Westad and Martens 2000) . The PLS-R models based on NIR spectra recorded from wood powders showed similar patterns for loadings presenting the highest regression coefficients at wavelengths of 1672 nm and 2300 nm and lower regression coefficient at 1724 nm. These loadings are in accordance with data of Tsuchikawa and Siesler (2003) , who affirm that the wavelength of 1672 nm represents the absorption band of the aromatic groups in lignin (CH stretching in the first overtone). According to these authors, the wavelength of 1724 nm is for the absorption band of the furanose/ pyranose units of hemicelluloses. In the present study, the significant regression coefficients obtained at 1724 nm (Figure 5) can be interpreted that the lignin and hemicelluloses have a common absorbance band at this wavelength.
Ability of NIR predictions of chemical properties based on solid wood spectroscopy
Limited information is available in the literature regarding NIR analysis for the prediction of chemical composition of solid wood. Kelley et al. (2004) investigated loblolly pine (Pinus taeda) and found satisfactory calibrations and prediction values for lignin, extractives, and contents of glucose, xylose, mannose, and galactose in hydrolysates of solid wood. Yeh et al. (2004) evaluated lignin content with NIR spectra measured on P. taeda increment core samples and found high correlations (R 2 s0.81) between lignin related data obtained by wet chemistry and NIR prediction. Table 3 are superior (0.74 for rough and 0.83 for surfaced), but inferior concerning the SEC values (0.099% for rough and 0.088% for surfaced). Solid wood NIR models for KL content in Table 3 are inferior  (R  2 cvs0 .76 for rough and 0.69 for surfaced wood) and the SECV values are also inferior (0.63% for rough and 0.74% for surfaced wood), and moreover one more LV was needed. These comparisons concern only calibration statistics. With regard to the validations of the calibrations, the data presented in Table 3 are more satisfactory according to criteria proposed by Fujimoto et al. (2008) : superior R 2 cv and inferior SECV for prediction of ASL and KL contents.
Effect of mathematical treatment on NIR spectra information
NIR spectra measured of rough wood required first derivative to improve the KL model performance, whereas for ASL content prediction based on the original NIR spectra (without mathematical manipulation) was the best choice. Related to the wood powder spectra, first and second derivative spectra were required to develop acceptable models for ASL determination. However, to estimate KL contents from these spectra, raw NIR data provide best adjustment (with higher number of LV). The second derivative improves the modeling fit to predict S/G ratio for all types of sample preparation.
Cross-correlation among predicted values from NIR calibrations
The cross-correlation among NIR predicted values for KL, ASL, and S/G ratio are listed in Table 4 . Correlations between predicted values from rough and surfaced spectra were moderate (0.72 and 0.76) for S/G ratio and KL content and weak (0.59) for ASL content. Accordingly, wood surface conditions influence the results. By contrast, correlation between estimated values from coarse and fine powder wood calibrations was strong (from 0.93 to 0.95), indicating that particle size effects are less important. This is also confirmation again that coarse powder produces calibrations as good as fine powder. Baillères et al. (2002) also reported that variations in particle size between 30 and 60 mesh of Eucalyptus wood did not have a significant effect on NIR spectra. However, Yeh et al. (2004) evaluated lignin content in P. taeda and observed an influence of particle size. The band at 1400 nm of the fine powder was stronger than that of the raw wood meal.
The differences found in the measurements of NIR spectra carried out on powder and solid wood can be attributed to three complementary aspects: (1) the level of interaction between the incidence of the light and the samples. The arrangement of the particles of the powder wood promotes a deeper penetration of light into the material and the path travelled by light in the sample is able to capture more detailed information. In solid wood, the light penetrates the sample with the lowest depth. (2) Wood powder is composed of broken wood fibers and particles of other anatomical elements, such as parenchyma and vessels. The light passes through the particles bringing additional information to the NIR spectrum. (3) The spectrum obtained from both rough and surfaced wood could be influenced by local wood structure, contributing to noise in the calibration.
Conclusions
The PLS calibrations yielded satisfactory results for estimating contents of KL and ASL and S/G ratios in E. urophylla wood by NIR spectroscopy. Needless to say, the higher the RPD value the more reliable the calibration (Fujimoto et al. 2008) . Williams and Sobering (1993) claimed that a RPD value )2.5 is considered satisfactory for screening. In the present work, the best calibrations were found based on wood powder (RPD from 1.99 to 2.88), but calibrations obtained from solid samples were below this level (RPD from 1.68 to 2.16). Accordingly, preparation strongly influences the statistics associated with the predictive models.
In the present work, differences were higher between solid and milled wood than between fine and coarse powder. NIR data from solid wood could be sufficient only to rough estimation of the contents of KL and ASL and the S/G ratio. However, milling is strongly recommended for optimum accuracy. NIR spectra acquired from coarse saw mill yielded strong correlations (RPDs2.85 for KL content and RPDs2.88 for S/G ratio), so that the effort required to produce 0.5 mm wood powder is not justified. The results were not uniform concerning mathematical spectral manipulation.
Only for predicting S/G ratios was the second derivative NIR spectra advantageous.
